Abstract. Collider, space, and Earth based experiments are now able to probe several extensions of the Standard Model of particle physics which provide viable dark matter candidates. Direct and indirect dark matter searches rely on inputs of astrophysical nature, such as the local dark matter density or the shape of the dark matter profile in the target in object. The determination of these quantities is highly affected by astrophysical uncertainties. The latter, especially those for our own Galaxy, are ill-known, and often not fully accounted for when analyzing the phenomenology of particle physics models. In this paper we present a systematic, quantitative estimate of how astrophysical uncertainties on Galactic quantities (such as the local galactocentric distance, circular velocity, or the morphology of the stellar disk and bulge) propagate to the determination of the phenomenology of particle physics models, thus eventually affecting the determination of new physics parameters. We present results in the context of two specific extensions of the Standard Model (the Singlet Scalar and the Inert Doublet) that we adopt as case studies for their simplicity in illustrating the magnitude and impact of such uncertainties on the parameter space of the particle physics model itself. Our findings point toward very relevant effects of current Galactic uncertainties on the determination of particle physics parameters, and urge a systematic estimate of such uncertainties in more complex scenarios, in order to achieve constraints on the determination of new physics that realistically include all known uncertainties.
Introduction
Searches for the very nature of the elusive dark component of matter (DM) are experiencing a crucial moment in these very years: the enhanced sensitivity of direct and indirect searches, together with the latest data coming from collider experiments, allows to constrain the parameter space of several extensions of the Standard Model (SM) of particle physics, in some cases strongly challenging models which have been very popular in the last years. The multichannel searches for DM are seeing the dawn of a real precision era. The grandeur of this endeavor carries the burden of precision, and it becomes timely and mandatory to properly assess the entire budget of uncertainties that affect such an amazingly refined construction. It is very well known, and we also recall in the following in more detail, that the particle interpretation of the data coming from direct and indirect searches depends on quantities of astrophysical nature, such as the spatial distribution of DM in the target for indirect searches, and its phase space distribution in the solar neighborhood for direct ones. Strenuous efforts are ongoing from the side of the astrophysical community to assess these quantities, in a major endeavor involving astronomical observations of diverse nature. Yet, the determination of the quantities of interest are affected by often sizable uncertainties. This is also well known in the literature, where the entire extent of these uncertainties does not always propagate its way in the determination of new physics.
In this work, we aim at presenting a case study by systematically analyzing how the uncertainties on the DM structure in our Galaxy affect the determination of new physics. We will use two of the simplest possible extensions of the SM: the Singlet Scalar (SSDM) and the Inert Doublet (IDM) DM models. Those models have been chosen as ideal testbeds given the relatively simple dependence of their phenomenology on a limited set of parameters, which makes it easy to visualize the effects of astrophysical (and in this case especially, Galactic) uncertainties in the parameter space of the particle physics model itself. Our goal is to prompt the evidence for the relevance of the propagation of known, but too often overlooked, unknowns of astrophysical nature directly into the determination of new physics. In order to do so, we first present the most recent results on the determination of the DM distribution in our Galaxy, and most relevantly its uncertainties. We then show the dependence of DM direct and indirect searches on the Galactic uncertainties, and specify how the constraints on the parameters of the IDM and SSDM models set by direct and indirect searches are affected by such uncertainties.
The paper has the following structure. In section 2 we describe the setups of our analysis: datasets and techniques adopted for the determination of the DM density structure of the Milky Way (MW); the adopted benchmark limits for DM direct detection; and the probes chosen as indirect detection targets. In section 3 we describe our benchmark particle physics models: extensions of the SM which provide a well posed DM candidate, and have recently been claimed to be strongly constrained by existing data. In section 4 we present the finding of our analysis, and the impact of uncertainties on Galactic morphologies and parameters on the determination of new physics. In our conclusions, we summarize our key results and motivate how they prompt the extension of a similar complete analysis to more complex extensions of the SM.
Setups

Galactic Dynamics
In order to determine the DM density profile of our own Galaxy, we adopt a well known dynamical method: objects in circular orbits around the Galactic center (GC) are used as tracers of the total gravitational potential, and the rotation curve (RC) thus obtained (in the plane of the disk) is compared to the circular velocity expected to be caused by the visible component of the MW alone. The mismatch between the two is accounted for by a non visible, dark component of matter, whose density distribution can be obtained by fitting an appropriately parametrized function to the total RC. This class of methods, often known as global methods, offers a series of advantages with respect to local ones, which permit to determine the DM distribution only in a small region around the location of the Sun, and a series of shortcomings. Both are carefully described in the recent review [1] , and while addressing the reader to it and references therein for a complete overview, we highlight here the advantages and shortcomings of relevance to this specific analysis. We follow the recent analysis in [2] , which respect to previous similar studies [3] [4] [5] , offers the remarkable improvement to adopt a vast range of data-driven morphologies for the three visible components of the MW (stellar bulge, stellar disk(s), gaseous disk). As shown therein, the choice of stellar bulge/disk affects the shape of the DM profile beyond the statistical uncertainties associated to each one of the visible components, leading to the conclusion that our ignorance on the morphology of the MW hinders our determination of the DM profile more than the uncertainties associated to their normalization. Also, a quantitative estimate of the effect of the currently quoted uncertainties on the Galactic parameters (R 0 , v 0 ) is offered, showing effects comparable with that of the Galactic morphology. This matter is certainly well known in principle, but again its actual magnitude is ill-known, and its effect on the determination of new physics is equally unaccounted for in most of the literature. Unfortunately, none of these uncertainties are easily treatable in a statistical way, and one runs the risk to underestimate the effect of cross-correlations between datasets, or to be affected by hidden biases in the choice of the null hypothesis. For this reason, we aim here only to offer an estimate of the effects in the parameter space of particle physics models, by varying different sources of uncertainty one at a time.
By combining together one by one all possible combinations of bulge, disk, and gas, we obtain a set of unique "baryonic morphologies", i.e. a catalogue of observationally-inferred morphologies, each one of them carrying a statistical uncertainty arising from the normalization of the density profile of each component, which is then propagated to the corresponding RC (generated by that specific configuration of visible matter) [2, 6] . For each baryonic morphology and each set of Galactic parameters, separately, we add the RC due to DM to the one due to visible matter. The DM density profile is parameterised though a generalised NFW (gNFW) profile:
where R 0 is the distance of the Sun from the GC, ρ 0 the DM "local" density (i.e. at the Solar position), R s the so-called "scale radius" of the DM density profile, and γ the so-called "profile index" (the standard NFW profile having γ=1). We compare the resulting "total" (baryon + DM) RC to the latest compilation of observed RC data, presented in [6] . Following closely the methodology of [2] , we scan the (ρ 0 , γ) space, while keeping the scale radius R s constant. We determine the goodness of fit of each point in the parameter space using the two-dimensional variable:
where we have introduced the reduced variables x = R/R 0 and y = w/w 0 − 1; (x i ± σ x,i , y i ± σ y,i ) are the RC measurements, σ b,i is the uncertainty of the individual baryonic model evaluated at x i and (x t,i , y t,i ) are the points that minimize d i along the curve y t (x) = w t (R = xR 0 )/w 0 − 1. The variable w(R) = v c (r)/R is the angular velocity at the galactocentric distance R (with w 0 =w(R 0 )), and it is used as an independent variable as the uncertainties on R and w are uncorrelated (see [6] and references therein). The sum runs over all the N objects in the compilation at R > R cut = 2.5 kpc in order to exclude the innermost regions of the Galaxy where axisymmetry breaks down and some tracers may present non-circular orbits. The function in eq. (2.2) has been shown to have a χ 2 distribution for the case at hand in [6] , and offers the advantage of an unbinned analysis which properly takes into account the statistical uncertainties of the observed RC dataset (in both dimensions), and that of the baryonic RC, propagated from the normalization of the stellar bulge and disk (respectively from microlensing optical depth in the direction of the bulge and local stellar surface density, see [2, 4] for methodology, and references therein). The "best fit" point is obtained by picking the point in (ρ 0 , γ) space that minimizes the two dimensional χ 2 described above, while we have kept the scale radius constant at the value R s =20 kpc. We note that also the variation of R s is expected to have some impact. Although we have tested that the choice of a fixed R s value does not affect significantly our conclusions, a full analysis of the effect of the R s variation is beyond the scope of the present paper and we postpone it to a future work. 1 In order to probe the effect of different sources of ignorance, we test the following uncertainties one at a time:
• Statistical uncertainties;
• Uncertainties on Galactic parameters, (R 0 , v 0 );
• Uncertainties on the morphology of the visible, i.e. baryonic, component of the Galaxy.
The numerical values adopted, the results obtained, as well as the reference for the morphologies that comply with the above conditions are presented schematically in table 1, and we summarize here the criteria behind the choices adopted, according to the above rationale:
• Standard Galactic parameters. The "standard" Galactic parameter values are (R 0 , v 0 )=(8 kpc, 230 km/s). When these values are adopted, the peak speed of the Maxwellian velocity distribution of DM particles is taken to be equal to the local circular speed,
• Reference morphology. The "representative" baryonic morphology is [8] [9] [10] [11] ; referred to as "BjX " in table 1.
• Galactic parameters variation. • Morphology variation. The extreme baryonic morphologies are chosen to be those that require the maximum/minimum values of γ, ρ 0 , in order to visualize the maximum impact on both direct and indirect detection as we will see in the following sections.
With reference to the nomenclature in table 1, we find that (for assigned, standard Galactic parameters) the baryonic morphologies that maximize/minimize
• the index γ are respectively "FkX " and "DiX ";
• the local DM density ρ 0 are respectively "CjX " and "FiX ".
In figure 1 we display the rotation curves corresponding to the baryonic morphologies described above, assuming fixed Galactic parameters (R 0 , v 0 )=(8 kpc, 230 km/s). Statistical uncertainties associated to the displayed central values are not shown, but they are taken into account for the fitting procedure as described above. We also display our compilation of data for the observed RC and their 1σ uncertainties, as originally presented in [6] . In order to normalize the data to different values of the Galactic parameters, we have used the publicly available tool galkin, [13] . In table 1 we report the results of the fitting procedure described and the parameters of the selected morphologies. Table 1 . We adopt a gNFW density profile with R s = 20 kpc. From left to right we report the nomenclature adopted for each morphology, the values of Galactic parameters (R 0 , v 0 ), the baryonic mass in the Galaxy for that specific baryonic morphology, the best-fit values of index γ and ρ 0 according to the procedure described in the text, and the references for the three-dimensional morphology shape. The criteria that led to the choice of these morphologies are explained in the text.
When varying Galactic parameters, we obtain the total mass of the MW within 50 kpc to be in the range M(< 50 kpc) = (1.2−22.9)×10 11 M . The lower limit is in agreement with previous determinations [14] [15] [16] [17] [18] , while the larger MW masses we obtain can not be directly compared, as the the adopted Galactic Parameters are different than ours. When varying baryonic morphology, the minimum/maximum values obtain are M(< 50 kpc) = 4.36
−0.10 × 10 11 M and M(< 50 kpc) = 7.0 ± 0.3 × 10 11 M . The former value for the variation of morphology is in good agreement with mass estimate from kinematics of globular clusters, satellite galaxies and halo stars [14, 15, 17, 19] . There is, however, a discrepancy at the 1σ level with the independent determination in [18] , that used the Sagittarius stream, and is slightly smaller than the other cited determinations. All our results are in agreement at the 1σ level with the recent estimate of the dynamical mass [20] within the region of the Galactic bulge, as in the analysis presented in [21] .
In figure 2 , we show the DM density profiles corresponding to the selected morphologies in table 1. When varying the morphology, almost all DM profiles are in agreement with recent findings for MW-like galaxies in hydrodynamical simulations [22, 23] . The upper panel displays the DM density as a function of the distance from the GC, while in the lower panel the relative error with respect to the reference model is shown. As a reference we also depict the traditionally adopted NFW profile, corresponding to a gNFW with parameters γ = 1, ρ 0 = 0.4 GeV/cm 3 .
Direct Detection
The aim of direct detection experiments is to measure the small recoil energy of a nucleus in an underground detector after the collision with a WIMP arriving from the DM halo of the MW. The current status of direct detection searches is ambiguous with a few experiments reporting hints for a DM signal [29] [30] [31] [32] , while all other experiments report null-results. Currently the LUX (Large Underground Xenon) experiment [33] places the strongest exclusion limit in the plane of spin-independent DM-nucleon cross section and WIMP mass for large DM masses, while the PandaX-II (Particle and Astrophysical Xenon Detector) experiment [34] has recently reported competitive null results. In this paper we focus on the impact of astrophysical uncertainties on the LUX exclusion limit in the parameter space of specific particle physics models. However, we note that the variation of the exclusion limits set by other direct detection experiments due to astrophysical uncertainties would be similar to those discussed for LUX. For a DM particle scattering elastically off a nucleus with atomic mass number A, the differential event rate (per unit energy, per unit detector mass, per unit time) in direct detection experiments for the case of spin-independent scattering can be written as,
where E R is the nuclear recoil energy, ρ 0 is the local DM density, m DM is the DM mass, µ p is the reduced mass of the DM-nucleon system, σ SI is the spin-independent DM-nucleon scattering cross section, and
is the minimum speed needed for the DM particle to deposit a recoil energy E R in the detector. Here m A is the mass of the nucleus, and µ A is the DM-nucleus reduced mass. The halo integral, η(v min , t), which together with the local DM density encompasses the astrophysics dependence of the recoil rate, is defined as,
where f det (v, t) is the local DM velocity distribution in the detector rest frame. Eq. (2.3) can be written as,
where the coefficient C PP = A 2 σ SI /(2 m DM µ 2 p ) contains the particle physics dependence of the event rate, while ρ 0 η(v min , t) contains the astrophysics dependence.
In the analysis of direct detection data, usually the Standard Halo Model (SHM) is adopted. In the SHM, the DM halo is spherical and isothermal, and the local DM velocity distribution is an isotropic Maxwell-Boltzmann distribution with a peak speed, v peak equal to the local circular speed, v 0 .
The results of state-of-the-art high resolution cosmological simulations which include both DM and baryons indicate that a Maxwellian distribution with a best fit peak speed in the range of 223 -289 km/s fits well the local velocity distribution of simulated MW-like haloes [7] . Based on the results of ref. [7] , for the analysis of direct detection data in this work we adopt a Maxwellian velocity distribution truncated at the Galactic escape speed, and with a peak speed in the range of [223 − 289] km/s, independent from the local circular speed. For the local circular speed, we adopt v 0 = 180 km/s and 312 km/s as high and low estimates. For the peculiar velocity of the Sun with respect to the Local Standard of Rest we assume (11.10, 12.24, 7.25) km/s [35] in Galactic coordinates. We adopt the median value of the local Galactic escape speed reported by the RAVE survey, v esc = 533 km/s [36] .
Recently, the LUX experiment has reported the results of 332 live days of data, with no evidence of a DM signal [33] . Since the exposure and detector response information is not publicly available for each event in the recent LUX data, we perform an analysis of the 2015 LUX results [37] instead. In ref. [37] , the LUX collaboration presented an improved analysis of their 2013 data for an exposure of 1.4 × 10 4 kg days. To set an exclusion limit using the LUX data, we employ the maximum gap method [38] , since we cannot reproduce the likelihood analysis performed by the LUX collaboration with the available information. We consider Figure 3 . LUX exclusion limit at 90% CL in the spin-independent DM-nucleon cross section and DM mass plane for the reference choice of Galactic parameters and local DM density (red curve) given in the first row of table 1, and two variations of Galactic parameters and local DM density (blue curves) given in the second and third rows of table 1, see text in section 2.1 for a complete description.
Reference model
Galactic parameter variation
the events which fall below the mean of the nuclear recoil band (red solid curve in figure 2 of [37] ) as signal events, and assume an additional acceptance of 0.5. As seen from figure 2 of [37] , one event makes the cut. We take the detection efficiency from figure 1 of [37] , and set it equal to zero below the recoil energy of E R = 1.1 keV, following the collaboration. Since we are only interested in events at < 18 cm radius, we multiply the efficiency by (18/20) 2 . To find the relation between E R and the primary scintillation signal S1, we find the value of S1 at the intersection of each recoil energy contour and the mean nuclear recoil curve from figure 2 of [37] . Assuming a Maxwellian velocity distribution with the same parameters as in [37] , we can find an exclusion limit at 90% CL which agrees well with the limit set by the LUX collaboration.
In figure 3 , we show the LUX exclusion limit in the m DM − σ SI plane for the standard choice of Galactic parameters (R 0 , v 0 ) and the local DM density ρ 0 for our reference morphology given in the first row of table 1 ("reference model" in figure legend), as well as for two representative variations of Galactic parameters and ρ 0 given in the second and third rows of table 1. The largest variation of the exclusion limit with respect to the reference limit is due to the variation in the local DM density. Notice that in the exclusion limits shown in figure 3, we take v peak = v 0 , while in the figures of section 4 where we vary the Galactic parameters, we adopt a peak speed value independent of the local circular speed.
Indirect Detection
Indirect detection aims at detecting the flux of final stable particles produced by DM annihilation or decay. Among those, gamma rays are considered the golden channel for the identification of a possible DM signal since they preserve the spectral and spatial information of the signal itself. In the present work, we focus on the gamma-ray flux from DM annihilation for a twofold reason: First, we work with gamma rays since the expected flux is directly expressed in terms of the DM density distribution. For charged cosmic rays, instead, the expected flux at Earth is obtained after propagating the produced particles in the interstellar medium and thus the dependence of the propagated flux on the DM density is less trivial. 3 Secondly, the choice of the annihilation process -instead of the decay one -is motivated by the fact that the predicted flux is more affected by the astrophysical uncertainties on the DM density, since it depends on the DM density squared. We stress that our aim is to give concrete -and intuitive -examples of the effect of the astrophysical uncertainties for DM phenomenology.
Typically, the gamma-ray flux from DM particles annihilation or decay can be factorized in terms of a particle physics term, Φ PP , which contains the information of the underlying particle physics theory of DM, and an astrophysical term, J , which instead encodes the information about the geometrical distribution of DM in space. The DM expected flux writes as:
In this section, we remain agnostic about the particle physics sector, while we are interested in quantifying the uncertainty affecting the J -factor in light of the analysis performed in section 2.1. The J -factor is defined as the integral along the line-of-sight of the DM density, ρ DM , in case of DM decay, or of the DM density squared, ρ 2 DM , in case of DM annihilation. While the uncertainty of ρ DM translates linearly in the uncertainty on J decay , the J annih is more sensitive to the uncertainty on ρ DM given the squared dependence. In the case of DM annihilation:
where ψ is the opening angle between the line of sight l and the direction towards the GC. The radial distance from the GC is R 2 = R 2 0 + l 2 − 2 l R 0 cos (ψ). In figure 4 we show the uncertainty on the DM annihilation J -factor (bottom panel) for different morphologies as in figure 2 (cf. table 1 ). In the upper panel, we show the J -factor as a function of the angle ψ, comparing a standard NFW profile with our reference baryonic morphology and other morphology configurations, cf. table 1. In the inner region, i.e. within few degrees, the astrophysical uncertainty on the J -factor is O(10).
Accounting for the astrophysical uncertainty on the predicted DM flux is crucial when comparing results from different targets. For example, a positive signal might be seen in a gamma-ray target and interpreted in terms of DM annihilation. The preferred particle physics parameter space, typically the average velocity annihilation cross section σv vs DM mass m DM , depends on the J -factor assumed for the target considered. On the other hand, null results from other targets impose upper limits on the allowed ( σv , m DM ) parameter space. It might occur that the constraints are in tension with the signal. However, such a tension relies on the assumed J -factor and, thus, the uncertainty on the J -factor must be fully accounted for before claiming a strong tension. This is what happened for example in the case of the GC GeV excess (see e.g. [39, 40] ): the DM interpretation of such an excess started to be challenged by the latest constraints from dwarf spheroidal galaxies (dSphs) [41] .
Here we demonstrate that such a tension can be alleviated (or worsened) by the unavoidable uncertainty on the J -factor of the MW -we do not discuss here the uncertainties on the dSphs J -factor related to the choice of the dSphs DM profile (see e.g. [42] for a dis- cussion), nor the possible effect of varying the Sun position, R 0 , on the stacked dSphs limit. 4 In figure 5 , we show the latest dSphs limits [41] and the region preferred by the GC GeV excess for DM annihilating into a pair of b-quarks [43] , for our reference morphology BjX with standard Galactic parameters ("reference model" in figure legend), and for the variation of Galactic parameters, as given in the second and third rows of table 1. For the sake of clarity we show only the 1 and 2σ contours rescaled to the morphology of interest from the contours in ref. [43] . The rescaling of the original contours (in figure 5 as well as in all other figures showing the GeV excess rescaled contours) is made by imposing that the GeV excess flux measured at 2 GeV and 5 • away from the GC is conserved, in analogy to what done in ref. [43] . Indeed, at 5 • away from the GC the GeV excess intensity has been shown to be almost independent on the assumption on the gNFW slope used in the data analysis. Therefore, the rescaling of the contours only involves J (ψ = 5 • ), and not the integral over the full region-of-interest. The variation of the contours in σv due to the uncertainty on Galactic parameters (R 0 , v 0 ) can be larger than a factor of two in both directions. We emphasise that also constraints on DM from the annihilation in the MW halo or the GC region would be affected by an analogous uncertainty. 4 For a single dSph, under the assumption of point-like source emission, J ∝ 1/d 2 , being d the distance from the observer and, thus, depending on the Sun position, R0, in the Galactic reference frame. In the simplest case of a dSph located at the GC:
2 . However, when considering more realistic geometries and the stacking of the dSphs, as done to derive the limits in ref. [41] , the dependence from R0 is not anymore trivial and assessing its effect would require a re-analysis of the dSphs data which is beyond the scope of the present paper. Figure 5 . Upper limit on DM annihilation cross section (intobb), σv , vs DM mass, m DM , from the analysis of gamma rays from dwarf spheroidal galaxies [41] (black line). Best fit contours at 2σ of the GeV excess as due to DM annihilation in b-quark pairs for the gNFW parameters preferred by our reference morphology BjX (red contours) with standard Galactic parameters, and the same morphology by varying Galactic parameters (blue countours), as given in the second and third rows of table 1, see text in section 2.1 for a complete description. This setup is the same as used for the variations in figure 3.
Particle Physics Benchmarks
We now apply the setup shown until now to some benchmark DM particle models, in order to show how the astrophysical uncertainties affect the determination of the physical parameters of the specific models at hand, in the context of DM direct and indirect detection. We concentrate on two minimal extensions of the SM, the SSDM and the IDM, as they are arguably among the most minimal models for which it is easy to quantify and visualize in a clear way the effects described above. We do expect that our results will prompt a generalization to more complex scenarios in which the effects are not so trivially discernible from effects due to the interplay of numerous model parameters. In this section we present the general framework of these two simple models and depict the state-of-the-art constraints on the model parameter space. The discussion of the impact of astrophysical uncertainties will be the focus of section 4.
Singlet Scalar Model
The SSDM [44, 45] is one of the minimal extensions of the SM that can provide a viable DM particle candidate. In addition to the SM, this model contains a real scalar S, singlet under the SM gauge group, but odd under a Z 2 symmetry in order to guarantee its stability. The most general renormalizable scalar potential is given by
where H is the SM Higgs doublet. It is required that the Higgs gets a non-vanishing vacuum expectation value, v H = 246 GeV, while the singlet does not, S = 0. At tree level, the singlet mass is m 2 S = 2 µ 2 S + λ HS v 2 H . The phenomenology of this model is completely determined by three parameters: the DM mass m S , the Higgs portal coupling λ HS and the quartic coupling λ S . Note however that λ S plays a minor role in vanilla WIMP DM phenomenology, 5 and thus hereafter we will focus only on the parameters m S and λ HS . These two parameters are the ones that determine the strength of both the direct and the indirect detection signals.
There has been a large amount of research on the SSDM, most of it focused on the WIMP scenario, where the singlet S mixes relatively strongly with the Higgs and undergoes a thermal freeze-out. This scenario has been highly constrained by collider searches [47] [48] [49] [50] [51] [52] , DM direct detection [53] [54] [55] [56] and indirect detection [57] [58] [59] [60] [61] [62] [63] .
We show the current constraints in figure 6 . In both panels, the black thick line corresponds to the points that generate a DM relic abundance in agreement with the measurements by Planck [64] , and the gray region below the line is excluded because it produces a too large DM abundance, thus overclosing the Universe. The hatched light blue region in the upper left corner is forbidden by current constraints on the strength of the Higgs portal. Indeed, for m S < m h 0 /2 ∼ 62 GeV, the Higgs can decay into a pair of DM particles, thus the current limits on the invisible Higgs branching ratio (BR inv 20% [65] ) and the Higgs total decay width (Γ tot h 0 22 MeV [66] ) constrain the Higgs coupling with the dark sector, λ HS . In the left panel of figure 6 , we display the exclusion limit on the spin-independent elastic WIMP-nucleon cross section at 90% CL from the 2015 LUX results [37] , which is translated into the dark red region in the top part of the figure. We plot here the limit derived from the red curve in figure 3 described in section 2.2. We recall that this limit has been derived assuming the parameters in the first row of table 1, i.e. a Maxwellian velocity distribution with v peak = v 0 = 230 km/s, v esc = 533 km/s, and ρ 0 = 0.466 GeV/cm 3 . In the right panel, we show instead the current limits from the analysis of dwarf spheroidal galaxies (dSphs) with Fermi-LAT [41] . The region in blue represents the parameter space favoured by the interpretation of the GC excess (at 2σ), and corresponds to the red contour in figure 5, as described in section 2.3.
From figure 3 , we see that the LUX limit strongly depends on the astrophysical uncertainties on the Galactic parameters, and especially on the uncertainty in the local DM density. Therefore, the available parameter space of the SSDM will depend on the actual configuration of Galactic parameters. On the other hand, in the case of indirect searches, we do not explore uncertainties on the limits imposed by dSphs, but we investigate how the region favoured by the DM interpretation of the GeV excess will move because of Galactic uncertainties, as already shown in figure 5 . We will show the response of the constraints to astrophysical uncertainties, and its implications in section 4.
Inert Doublet Model
The IDM [67] is another minimal extension of the SM that contains a second complex scalar doublet. The model contains an exact Z 2 symmetry under which all SM particles -including one of the scalar doublets-are even, and the second scalar doublet is odd. Since this discrete symmetry prevents mixing between the scalars, one of the doublets (H) is identified with the SM Higgs doublet. The second doublet (Φ), odd under the Z 2 parity, is inert in the sense that it does not couple to the SM particles. The most general renormalizable scalar potential Figure 6 . Singlet Scalar Model. In both panels, the black line corresponds to the points that generate a DM relic abundance in accordance to the measurements by Planck [64] ; the lower gray region overcloses the Universe. The upper left region (hatched light blue) is ruled out by the invisible decay of the Higgs [65, 66] . The upper dark red region in the left panel corresponds to the LUX exclusion limit on the spin-independent elastic WIMP-nucleon cross section at 90% CL for the choice of parameters in the first row of table 1, while the one in the right panel is derived from the limits on the averaged velocity annihilation cross section from the combined analysis of dwarf spheroidal galaxies in the MW [41] . The parameter space favoured by the GeV excess data [43] (at 2σ) is depicted by the blue region in the right panel.
of the IDM is given by
In the general case, the λ i are complex parameters. Although considering this possibility can have interesting consequences for CP-violation and electroweak baryogenesis [68] [69] [70] , in this work we limit ourselves to the case of real values. Upon electroweak symmetry breaking, the two doublets can be expanded in components as
3)
The h 0 state corresponds to the physical SM-like Higgs-boson. The inert sector consists of a neutral CP-even scalar H 0 , a pseudo-scalar A 0 , and a pair of charged scalars H ± . The Z 2 symmetry guarantees the stability of the lightest state of the dark sector. If it is neutral (either H 0 or A 0 ), this state can play the role of the DM. At the tree level, the scalar masses are
where
The IDM scalar sector can be fully specified by a total of five parameters: three masses (m H 0 , m A 0 and m H ± ) and two couplings Figure 7 . Inert Doublet Model. The dots correspond to the parameter space that generates the correct DM relic abundance. The light gray points give rise to a too large invisible Higgs decay, in tension with LHC measurements. The dark red region in the left panel displays the LUX exclusion limit on the spin-independent elastic WIMP-nucleon cross section at 90% CL for the choice of parameters in the first row of table 1. In the right panel, we show, in blue, the points of the parameter space which can successfully explain the GeV excess (at 2σ), corresponding to the red contour in figure 5 . The points in light brown are those in tension with the analysis of dSphs with Fermi-LAT [41] .
(λ L and λ 2 ). However, in this analysis the role of λ 2 will be disregarded, as it appears only in quartic self couplings among dark particles and does therefore not enter in any physically observable process at the tree level. 6 The phenomenology of the IDM has been largely studied since the model allows to generate a population of WIMP DM particles in the early Universe via a thermal freeze-out and it induces potentially observable signals in direct and indirect DM searches [67, 72, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] , collider searches [67, 71, [85] [86] [87] [88] [89] [90] [91] and electroweak precision tests [67, 92] .
For this analysis, we perform a numerical analysis scanning randomly over 10 GeV< m H 0 < 1 TeV, 10 −5 < |λ L | < 10 0 and over m A 0 and m H ± in the range [m H 0 , 10 TeV]. A number of theoretical and experimental constraints, largely discussed in the literature, can be imposed on the parameters of the model like perturbativity, vacuum stability [81, 93, 94] , unitarity of the S-matrix [95, 96] , electroweak precision tests [89] and collider searches from LEP [86, 97] and LHC [71, [89] [90] [91] 97] . We restrict ourselves to the points fulfilling the observed DM relic abundance and the previously mentioned direct and indirect detection constraints. Figure 7 shows the current constraints on the IDM plane (|λ L |, m H 0 ). In both panels, the visible dots correspond to those points of the parameter space that generates a DM relic abundance in agreement with Planck [64] . The light gray points in the upper left corner, however, are ruled out because they give rise to a too large invisible Higgs decay, in tension with LHC measurements [65, 66] . The left panel also displays the exclusion limit on the spinindependent elastic WIMP-nucleon cross section at 90% CL from the 2015 LUX results [37] for the choice of parameters in the first row of table 1 -as described in section 2.2, and shown as the red curve in figure 3 -which is translated into the dark red region in the top part of the figure. In the right panel, we show instead the points (light brown) in tension with the analysis of dSphs with Fermi-LAT [41] : the region in blue represents the parameter space favoured by the interpretation of the GC excess (at 2σ), and corresponds to the red contour in figure 5, as described in section 2.3. Let us emphasize that, as seen in figure 5 , in this reference model the GC excess is in tension with the measurements of dSphs. In figure 7 we study the constraints on the IDM parameter space coming from a specific Galactic model (i.e. the reference morphology model BjX). In section 4 we show the response of the constraints to astrophysical uncertainties, and its implications for both direct and indirect DM searches.
Results
With all elements at hand, we now turn to show the effect of astrophysical uncertainties directly onto the parameter space of particle physics models discussed in the previous section.
Impact on SSDM Parameter Determination
We start by comparing the limit imposed by direct detection on the SSDM for different cases of variation of astrophysical uncertainties: In figure 8 we show how the LUX exclusion limit shown in the left panel of figure 6 varies by including uncertainties arising from a) the statistical uncertainty on our reference morphology, b) the variation of the Galactic parameters for the reference morphology, and c) the baryonic morphologies that maximize/minimize the local DM density ρ 0 , as discussed in section 2.1.
As it can be seen, the statistical uncertainty related to the determination of the local DM density ρ 0 affects the determination of model parameters very little, thus justifying the fact that most of the literature neglects it. On the other hand, the uncertainty arising by either the ignorance about the exact value of Galactic parameters or the morphology of the visible component has sizable effects in shifting the constrained region in the parameter space. Notice that the largest uncertainty on the exclusion limit arises from the variation of the Galactic parameters. The reason is that this variation leads to a large variation in the value of ρ 0 (see the second and third rows of table 1) which is larger than the variation in ρ 0 due to either statistical uncertainties or the choice of morphology, with the latter still being quite sizable, as we will discuss in the following.
The situation is different if one looks at the GeV excess favored region versus the constraint imposed by dSphs. In figure 9 , we show the effect of Galactic uncertainties on the GeV excess favored region in the SSDM parameter space. Blobs of different color shading are the regions that explain the GeV excess at 2σ confidence level, shown as a red contour in figure 5 , moving as a consequence of statistical, Galactic parameters, or baryonic morphology uncertainty. In this figure, for the baryonic morphology uncertainty, we choose the morphologies which maximise/minimise γ. As it can be easily seen, again the statistical uncertainty on a single morphology plays little role, not affecting conclusions, but the adoption of different Galactic parameters and morphologies sizably shift the favored region, relieving (or worsening) tension with dSphs constraints, as it was already seen in figure 5. It is interesting to notice that although the variation of Galactic parameters produces the most sizable alteration of the index γ and of ρ 0 (for assigned morphology, see table 1), these effects are partially compensated in the computation of the J -factor, and the largest variation of the latter is obtained as a consequence of varying morphologies (for assigned Galactic parameters).
Impact on IDM Parameter Determination
Following closely the procedure described in the previous section, now we compare the limit imposed by direct detection on the IDM parameter space for different cases of variation of astrophysical uncertainties: In figure 10 we show how the LUX limit shown in the left panel of figure 7 varies by including uncertainties arising from a) the statistical uncertainty on our reference morphology, b) the variation of the Galactic parameters for the reference morphology, and c) the baryonic morphologies that maximize/minimize the local DM density ρ 0 , as discussed in section 2.1. For DM direct detection, the effects of the systematic uncertainties on the Galactic parameters on the IDM are similar to the ones on the SSDM: On one hand, the statistical uncertainty related to the determination of the local DM density ρ 0 affects mildly the determination of model parameters. On the other hand, the uncertainty arising by either the ignorance about the exact value of Galactic parameters or the morphology of the visible component has sizable effects in shifting the constrained region in the parameter space. As discussed before, the largest uncertainty in direct detection limits arises from the variation in the local DM density. The variation of the Galactic parameters for the reference morphology leads to the largest variation in ρ 0 , and hence the largest uncertainty seen in the central panel of figure 10 .
In figure 11 , we show how the GC excess interpretation shown in the right panel of figure 7 varies with Galactic uncertainties. The dark gray dots show the constraint imposed by dSphs. Colored dots (green, blue and red) correspond to the regions of the parameter space that explain the GeV excess, moving as a consequence of statistical, Galactic, or morphology uncertainties, respectively. For the baryonic morphology uncertainty, we choose the morphologies which maximise/minimise γ. It can be seen from the figure that the regions that can simultaneously reproduce the measured DM relic abundance and explain the GC excess are quite reduced and typically in tension with the dSphs observations. Only marginal regions are allowed by the dSphs constraint when taking into account Galactic and morphological uncertainties.
It is to be noticed that figure 11 displays only one region of the parameter space, as favored by the GC excess interpretation for both the Galactic parameters and the morphology, differently than in the case of SSDM. The variation of both morphology and Galactic parameters impose a change in the IDM parameters (similar to what happens with the SSDM), but in both cases this shift ends up in a region which cannot reproduce the DM relic abundance. The "shifted" region is not visible in the figure as it is forbidden by the cosmological constraint, which henceforth practically sets limits on the DM interpretation of the GC excess, but only for some combinations of the Galactic parameters.
Conclusions
In this work we have studied how the uncertainties associated to Galactic core quantities, such as the local galactocentric distance, local circular velocity, and the morphology of the stellar disk and bulge, affect the determination of DM distribution, and eventually propagate when constraining new physics scenarios. We have set up a systematic scan of the major sources of uncertainty in the determination of the DM distribution in the MW, testing (a) statistical uncertainties; (b) variation of Galactic parameters; (c) variation of baryonic morphology. While the purely statistical uncertainties affecting the observed RC and the normalization of the visible mass component do not sizably affect the constraints on new physics model parameters, a significant impact on the allowed model parameter space is due to the current ignorance on the morphology of the baryonic component, and on the determination of Galactic parameters.
We have shown that the latter significantly affect the constraints of two specific models, the SSDM and the IDM, which we have chosen as testbeds for the relatively simple dependence of their phenomenology on the key parameters. Our main findings, which we summarize below, show the need for the study of these uncertainties in more complex scenarios, and an increased communication between the particle physics and the astronomy communities in a virtuous interplay.
The largest effects on the SSDM and IDM parameter space are obtained as a consequence of varying the Galactic parameters (R 0 , v 0 ): The variation of (R 0 , v 0 ) between its currently established extreme values pushes the determination of the local DM density ρ 0 beyond the usually adopted bounds (which are taken for assigned Galactic parameters, and include statistical uncertainty only, in most cases), with major effects especially on direct detection results. Interestingly, the remarkable changes imposed by the Galactic parameter variation also on the index γ mitigate the effect on the determination of the J -factor, which sees the uncertainty on the baryonic morphology as a primary source of uncertainty for indirect detection.
As an example of the above, we recall here the case of SSDM: The region of the parameter space which permits an interpretation of the GC excess in terms of DM annihilation is allowed with a given set of Galactic parameters, but it could be also entirely ruled out by constraints on the relic density if the other extreme values for (R 0 , v 0 ) are adopted.
Accounting for the astrophysical uncertainties described above, will be even more crucial in the case a tantalising DM signal will be discovered in the next-generation of direct and indirect experiments. In that case, the accurate reconstruction and interpretation of the signal in the context of concrete particle physics models will require the full treatment of all astrophysical uncertainties presented in our work.
On the other hand, future astronomical data will help in reducing significantly those uncertainties. In particular, the Gaia mission is expected to improve the determination of the Oort constants, and yield a reduction of uncertainties on the determination of (R 0 , v 0 ), as already shown possible with the first year data release [98] .
